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ii Abstract
Abstract
Deuterium nuclear magnetic resonance spectroscopy was used to study the influence of
chlorhexidine on the internal molecular motions of phospholipid model membranes. Mix-
tures of dimyristoylphosphocholine (DMPC) and chlorhexidine (CHX) were investigated
at several DMPC:CHX molar ratios (1:0,10:1,3:1). Extensive numerical analysis of previ-
ously acquired data identified the differences in the temperature-dependence of the order
parameters characterizing the rapid molecular motions (on the NMR scale) in both the
fatty acid chains of DMPC and in the saturated methylene bridge of CHX. The results
are consistent with the known localization of CHX in the membrane determined by neu-
tron scattering [1] and confirmed by molecular dynamics simulations reported earlier [2].
The NMR results indicate that chlorhexidine undergoes different motions than those of
the bulk lipids in the membrane.
The study used a Tikhonov-regularization-based numerical deconvolution technique
(dePakeing) that allowed simultaneous determination of the order parameter and of the
orientational distribution of domains in the powder sample, partially oriented by the
external magnetic field. Both appeared to suggest an anomalous result in a narrow
temperature region for the 3:1 sample, perhaps the existence of a new re-entrant phase,
but this conclusion could not be made from the limited data available, and requires a
further investigation.
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Introduction
1.1 Lipids and Membranes
Cell membranes enable the function and establish the structure of cells. Cells, the build-
ing blocks of all organisms, are all similar in their chemical composition, but differ struc-
turally as well as in the way they replicate. The most noteworthy of these differences
is the lack of nucleus in the two types of prokaryote cells (bacteria and Archean), and
its presence in eukaryote cells. However, the most basic common structural feature that
all cells have is the cell membrane. Membranes found in cells and viruses come in three
different varieties: plasma membranes, intracellular membranes and enveloped viruses
membranes. Despite the fact that each membrane performs unique tasks, there is a
number of common motifs. Compartmentalization is a very important membrane mo-
tif, membrane separating one intracellular component from another and enabling control
over communication between the compartments. Membranes also supply cells with en-
ergy stored in chemical and charge gradients, and provide substrates for biosynthesis
and for the transport of signaling molecules. Transduction of molecular information is
facilitated by membranes that transmit extracellular signals and cause an intracellular
response. In addition, membranes organize and control enzyme activities which func-
tion as biochemical catalysts. Many enzymes are either membrane-bound or membrane-
associated. Thus, many biological and biochemical processes couldn’t be done without
the cell membranes [3].
1.1.1 Membrane Historical Perspective
In 1972, Singer and Nicholson [4] amalgamated all the membrane designs that had been
described earlier in the nineteenth century; Davson-Danielli and Robertson’s unit mod-
els [5], into their fluid mosaic model. Early models of the membrane are depicted in
Fig. 1.1. The fluid mosaic model depicts all membranes as fluid-like phospholipid bi-
layers in which globular molecules of integral proteins are embedded to varying degrees.
Moreover, Singer and Nicholson described the globular proteins and the phospholipids
to be structurally asymmetric as they are amphipathic, with a polar region in direct
contact with the aqueous phase and a non-polar region embedded in the hydrophobic
interior of the membrane. Based on their experimental results, several factors determine
the amphipathic structure of protein: the amino acid sequence, the covalent structure,
and its interactions with its molecular environment, maintaining the free energy of the
system at a minimum. As discussed in the following section, the amphipathic structure of
phospholipids is ensured by the hydrophilic head groups facing the water at each surface
of the bilayer, and the hydrophobic tails shielded from the water in the interior of the
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Figure 1.1: Early models of the structure of biological membranes: (A) the
Davson Daniel model; (B) Robertson’s unit membrane; (C) the fluid mo-
saic model proposed by Singer and Nicholson. Figure reproduced from [4].
bilayer [3].
Following the fluid mosaic model, which emphasizes the fluidity of the bulk lipid
phase of the membrane, new models have been proposed which include lateral domains of
varying composition and dynamic properties, and thus form transient membrane “rafts”
in the bulk of the fluid bilayer. These lipid rafts are formed both in the plasma membrane
and in the intracellular membrane of many cell types and they are thought to be generally
thicker than the rest of the membrane [6].
The highly anisotropic and mobile environment inside the membrane requires a de-
scription in terms of position-dependent order parameters. In addition, the techniques
employed in studying and measuring the membrane micro domains of different com-
positions, sizes, and lifetimes, have different natural time and length scales, which may
require a variety of descriptors suitable for different time and length scales. A single word
“fluidity” is thus a very poor descriptor and should not be used without a clarification
of context.
1.1.2 Lipids self-assembly and phase transitions
Lipids are naturally occurring organic molecules that are soluble in non-polar organic
solvents and insoluble in water (a polar solvent). This group of molecules includes fats,
waxes, oils and phospholipids. Lipids are the main constituents of cell membranes. A
typical biomembrane may contain more than 1000 species of lipids, which vary in general
structure and in the length and degree of saturation of their fatty acyl chains. A few
major classes of lipids found in biomembranes are glycerophospholipids (phospholipids),
1.1. Lipids and Membranes 3
sphingolipids, sterols and linear isoprenoids.
The most abundant membrane lipids are the phospholipids. They have a polar head
consisting of a phosphate group and two hydrophobic fatty acid chains (they normally
contain between 14 and 24 carbon atoms) joined together by a glycerol molecule. One
tail can often be unsaturated (double bonds), while the other tail is saturated. The
phosphate groups can be modified with simple organic molecules such as choline. Lipid
molecules are amphipathic, meaning they have a hydrophilic (“water-loving”) or polar
end and a hydrophobic (“water-fearing”) or non-polar end. The amphipathic nature of
the lipids determines the way they self-aggregate when placed in a polar solvent. Fig. 1.2
illustrates several possible structures that can arise. The bilayer is only one of several
possible structural arrangements, but typically it’s the one that dominates at biologically-
relevant temperatures, although the inverted hexagonal (HII) phase has been known to
play an important role in cell fusion and endo- and exo-cytosis [8]. Lipid polymorphism
can be roughly characterized by the shape of the individual lipid molecules which is
described by a “shape parameter” S, defined as [9]
S =
cross-sectional area of lipid headgroup× lipid length
lipid volume
. (1.1)
Lipids with a shape parameter S = 1 have a fairly cylindrical shape, so they tend to
prefer a bilayer configuration (the lamellar phase). Lipids that are conical (S > 1) or
wedge-shaped (S < 1) tend to assemble as micelles or inverted micelles, respectively [9].
The lamellar phase is a purely geometrical description; in fact, several different struc-
tural phases assemble as lamellae: Lα (lamellar liquid crystalline), also called Ld (liquid
disordered); Lβ (lamellar gel) or So ordered solid), Lc (lamellar crystalline) phase, a highly
ordered form of lipid packing driven by their head group interactions, a ripple phase Pβ
where long molecular axes remain parallel to each other but are tilted with respect to
the bilayer normal, etc. In addition, lipid membrane domains with high concentration
of sterol molecules exhibit a different lamellar phase called liquid ordered phase (Lo) in
which the membrane has a solid-like quality similar to the gel phase but with a high rate
of lateral diffusion as in the liquid-disordered phase.
Phase transitions occur in the membrane environment driven by temperature changes.
The highest amount of latent heat is typically release in the gel-to-liquid-crystalline tran-
sition, also referred to as the “chain-melting” transition, Tm. Lipids differ in their chain-
melting temperatures depending on their compositions, e.g. the length of hydrocarbon
chain of each lipid and the degree of saturation. Typically, lipids with longer carbon
chains and fewer double bonds tend to have higher Tm. A full phase diagram of even
a simple model membrane system can be quite complex, as shown in the example of a
DMPC-cholesterol system of Fig. 1.3.
1.1.3 Diffusion of lipids and membrane proteins
The word “fluid” in the fluid mosaic model refers to the rapid, fluid-like, motion of lipid
molecules and proteins within the 2D bilayer. Modern techniques have revealed three
different motions with different rates of motion: lateral, rotational, and transverse, as
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Figure 1.2: Lipid Polymorphism is influenced by lipid shapes and aggregates.
As described in text, S is a “shape parameter” that determines the packing
of individual lipid molecules: (A) for S > 1, lipids assemble into micelles
(hexagonal HI phase); (B) for S = 1 lipids form bilayers (lamellar Lα phase);
(C) for S < 1 lipids form inverted micelles (hexagonal HII phase). Figure
reproduced from [7].
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Figure 1.3: An example of a lipid-cholesterol model membrane phase diagram.
Phase transition occurs at specific temperatures and it is influenced by choles-
terol concentration. Figure reproduced from [10].
illustrated in Fig 1.4. Lateral diffusion occurs when one lipid exchanges its place with
a neighbor molecule via Brownian motion; lipids travel only in the same monolayer.
Rotational diffusion is the rapid reorientation of a single lipid molecule around its long
axis without altering its position relative to its neighbours. Transverse diffusion or what is
often called “trans-membrane flip-flop” motion is the exchange of lipid molecules between
the leaflets of the bilayer [12].
Each motion has a certain characteristic time scale. The diffusion coefficient obtained
by florescence recovery after photo-bleaching (FRAP), is about 1µm2/sec. While lateral
diffusion in the membrane is rapid, the spontaneous flip from one leaflet to the other
may occur as slowly as once in several hours. This is not surprising since a pass of lipid
polar head groups through the non-polar center of the bilayer has a high free energy cost.
Membrane proteins have been visualized by FRAP to be in free lateral motion (rates
comparable to free diffusion of water) unless restricted by some interactions. Proteins
vary noticeably in their lateral mobility. Some proteins are close in their mobility to
lipids, whereas others are rather immobile, with diffusion coefficients between 10−5 to
10−1µm2/sec.
1.2 The organization of membranes in cells
Both prokaryotic and eukaryotic cells have in common a plasma membrane that delineates
the boundary of the cell and controls communication and nutrient stream into and out
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Figure 1.4: Lipids undergo a variety of molecular motions in the bilayer. Figure
reproduced from [11].
of the cell. The schematic diagram in Fig 1.5 summarizes the current understanding of
the internal organization of cell membranes [13].
In bacteria, the highly flexible cell plasma membrane is surrounded by a more rigid
cell wall consisting of a thick layer of cross-linked peptidoglycan and teichoic acid. Some
bacteria have an additional outer cell membrane layer, rich in lipopolysaccharides and
porins (transmembrane β-barrel), which are distinct outer membrane lipid and protein
components. Porins act as channels permitting passive diffusion of molecules across the
outer membrane whereas lipopolysaccharides make the bilayer highly asymmetric.
The existence of the outer membrane around the cell wall prevents it from taking
up Gram stain which is a staining ability some bacteria have. Therefore, bacteria with
plasma membrane and cell wall structure is referred to as Gram-positive bacteria. The
so-called Gram-negative bacteria do not have an outer membrane surrounding their cell
wall. E.Coli is a much studied Gram-negative bacterium which is considered to have
high resistance to antibiotics.
1.3 Chlorhexidine
An antimicrobial agent, chlorhexidine (CHX, see Fig. 1.6) is an effective drug that has
been shown to have a broad spectrum of use in health care as an antiseptic and an-
timicrobial agent. Its power in preventing dental plaque and treating yeast infections of
the mouth makes it an essential constituent to most of the oral products such as mouth
wash. Chlorhexidine inactivates the majority of microorganisms such as bacteria, fungus,
microfilms, and other microbial organisms because of its bacteriostatic and bactericidal
mechanisms of action [15].
A substantial number of studies since the late 1940s explored CHX effectiveness and
mechanism of action. Hugo and Longworth [16] demonstrated that CHX in different
concentration at various pH penetrates the bacterial cells very rapidly, changing their
properties and causing cell leakage. The uptake of CHX is time- and concentration-
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Figure 1.5: A schematic diagram of a biological membrane. Figure reproduced
from [13].
Figure 1.6: Molecular structure of Chlorhexidine [14]
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dependent; it is bacteriostatic at low concentrations. At low concentrations, CHX is
bacteriostatic; CHX has a low solubility in water and preferentially partitions into the cell
membrane disrupting the cell’s integrity and causing low-weight molecular components to
leak out the cell. At this sublethal level, the structural changes of cytoplasmic membrane
are not considerable compared to the damage caused by higher CHX concentrations [17].
Membrane damage increases at higher CHX concentration, where it forms phosphated
complexes resulting in a coagulation of the cytoplasm [18]. At higher concentrations still,
CHX causes irreversible cell damage [19].
CHX belongs to the bisbiguanide group and it is available as digluconate, acetate or
hydrochloride salt complex, which improves its solubility. It is a symmetrical molecule
with chlorophenyl rings and bis-biguanide configuration connected by a central hexam-
ethylene bridge [20]. Similar to membrane phospholipids, the central chain represents a
hydrophobic component of CHX, whereas the hydrophilic feature arises from the cationic
nature of the biguanides [21]. CHX analogues with longer hydrophobic linkers could con-
ceivably take up a trans-membrane configuration, but CHX is too short to span the typi-
cal phospholipid bilayer [22]. Instead, the CHX molecules assume a folded configuration,
with both phenolic rings in close vicinity to each other, near the headgroups of the phos-
pholipids, while its folded hydrophilic chain wedges itself into the hydrophobic interior
of the membrane. This has been observed by neutron scattering, which unambiguously
reports the location of the entire hexamethylene bridge to be near the headgroup-interior
interface, at the depth of the glycerol backbone of the phospholipids [1] and also confirmed
through molecular dynamics studies [2], as shown in Fig 1.7
Komljenovi c et al. (2010) have proposed that the amphiphilic nature of CHX restricts
it to a wedge-like shape in a way that cleaves the lipid matrix. This proposed model is
consistent with the membrane becoming more permeable in the presence of CHX, and
with the observed concentration dependence. This work is the examination of whether
the existing 2H NMR data is consistent with this model.
It was hoped that the existing NMR data could be supplemented by the additional
measurements where needed, but the scope of the data analysis that had to be done did
not allow for this. It is left for a future researcher. However, all of the data collected
by previous researchers in the lab [23] was critically examined. This was necessary
because of the unresolved inconsistencies observed in previous work, caused both by
instrumental issues and by the inconsistent thermal history of the samples during the
NMR measurements.
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Figure 1.7: Location of CHX in the lipid bilayer as determined by the neutron
scattering density profiles [1].
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Chapter 2
2H NMR in lipid membranes
Understanding the biological properties and functions of biological molecules requires
detailed information about the structure, dynamics, reaction state, and chemical envi-
ronment of the molecules. NMR and, in particular, solid-state 2H NMR has proven itself
a versatile technique capable of performing measurements over a wide range of time scales
in biological systems.
Solid-state NMR spectra are much broader than the typical high-resolution NMR
spectra, as the orientation-dependent interactions are not or only partially averaged
by molecular motions. In systems where molecular motions occur that are faster than
the time scale of the dominant interaction, partial motional averaging can reduce the
observed linewidths. Biological and model membranes possess just such a property: the
individual lipid molecules undergo rapid diffusion, at rates comparable to the self-diffusion
of water, in the plane of the membrane, and a variety of intramolecular motions yield,
on average, a nearly axially symmetric environment, with the symmetry axis along the
membrane normal. The extent of this partial averaging, for axially-symmetric motions,
can be described by a single order parameter SCD. The designation CD refers to the
direction of the gradient of the electric field associated with each C-2H bond; molecular
motions modulate the angle that the C-2H bonds make with respect to the external
magnetic field ~H0, and SCD represents the extent of the effective time-averaged scaling
of the strength of the interaction of the quadrupolar 2H nucleus (spin 1) with the local
electronic environment by such motions. As the molecular environment changes from
site to site within a molecule, a distribution of such order parameters, or anisotropies,
arises. For highly flexible molecules that make up the lipid bilayers the order parameters
thus represent a measure of the nature and speed of the molecular motions. It is in this
way that 2H NMR of lipid membrane samples is sensitive to local molecular structure
and motions which are fast on the quadrupolar interaction’s time scale.
2.1 Introduction to Nuclear Magnetic Resonance
2.1.1 The classical picture
In a classical description, nuclear magnetic moments ~µi = γ ~Si in an external magnetic
field ~H0 produce a net magnetization ~M =
∑
i ~µi, which precesses according to Bloch
macroscopic equations of motion
d ~M
dt
= ~M × ~H0 (2.1)
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Figure 2.1: The magnetic moment precession. [21]
at the nuclear Larmor frequency ω0 = −γH0 where γ is the gyromagnetic ratio; a scalar
property specific to each nucleus. Fig 2.1 illustrates the classical precession of the net
magnetization about the field ~H0. In a rotating frame of reference whose z-axis is directed
along ~H0, the transverse magnetization (i.e. in the xy-plane) M0 is constant.Thus the
transverse magnetization rotates around the z axis with the same angular frequency ω0
which is the Larmor frequency of the rotating frame [24]. In a typical magnetic field of
a few Tesla, most of the nuclear Larmor frequencies lie in the radio frequency range.
When a weak transverse oscillating field ~H1(t) ∝ exp−iω0t is applied in addition to the
static field ~H0, this oscillating field also appears static in the rotating frame and is called
the “rf field”. This field causes a precession of the magnetization about the direction of
the oscillating field at an angle θ = γH1trf where trf is the time of the applied rf pulse.
In NMR, the rf field that is applied long enough to rotate the magnetization from its
equilibrium along the z-axis into the xy-plane is called a “90◦” or a “pi/2 rf pulse”.
2.1.2 The quantum mechanical picture
Alternatively, NMR can be described using a quantum mechanical approach. For spin
S > 1
2
, 2S + 1 eigenstates in an external magnetic field is described by a Hamiltonian
H = Hz +HQ (2.2)
where Hz and HQ represent the Zeeman and quadrupolar interactions [25], respectively.
Hz describes the interaction of the nuclear magnetic moment with the magnetic field H0
and is given by
Hz = −γh¯SˆzH0 (2.3)
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Figure 2.2: Zeeman and quadrupolar splitting
where Sˆz is the z-component of the spin operator Sˆ and H0 is taken to be along the
z-axis. The energy levels associated with the Zeeman splitting in an external magnetic
field are separated by h¯ω0 = hν as shown in Fig. 2.2.
The probability distribution of the populations of the Zeeman energy levels at thermal
equilibrium is determined by the Boltzmann factor (the ratio of probabilities for states i
and j)
Ni
Nj
= e(εj−εi)/kBT (2.4)
At a given temperature, the distribution shows that the states with lower energy εi will
always have a higher probability of being occupied than the states with higher energy εj.
The interactions between the quadrupolar moment eQ of the 2H nucleus and the
electric field gradients eq causes a slight shift of the Zeeman energy levels. This shift
in energy levels increases with greater quadrupolar moments and stronger EFGs, see
Fig 2.2. The EFG of the CD bond is due to the distribution of the electric charges, and
can be expressed in terms of a traceless, symmetric second rank tensor Vij. This tensor
has 5 independent components which can be reduced by a coordinate transformation into
two independent components in the principal axis system [26].
In Cartesian coordinates these two components are defined as (Vzz = eq) and η ≡
(Vxx−Vyy)/Vzz where η is known as the quadrupole asymmetry parameter. The quadrupo-
lar interactions are then described by the Hamiltonian as follows
Hq = e
2qQ
4S(2S − 1)h¯
[
3Sˆz
2 − Sˆ2 + η
(
Sˆx
2 − Sˆy2
)]
(2.5)
For an axially-symmetric EFG, Vxx = Vyy and thus η = 0. So, the Hamiltonian can be
written as
Hq = e
2qQ
4S(2S − 1)h¯
(
3Sˆz
2 − 2
)
(2.6)
the term e
2qQ
4S(2S−1)h¯ is called the quadrupolar frequency ωq and has the form
3e2qQ
4h¯
for the
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deuterium nucleus of S = 1. Using the the quadrupolar term, the Hamiltonian becomes
Hq = ωq
3
(
3Sˆz
2 − 2
)
(2.7)
the quadrupolar frequency has approximately the value of ωq ≈ 2pi × 167 kHz for a C-D
bond in a saturated hydrocarbon chain.
In order for the EFG tensor not to coincide with laboratory reference frame, a trans-
formation from the EFG tensor principal axes to the laboratory reference frame can be
made using Wigner rotation matrix Dm′m(αβγ) [26]. The angles (α, β, γ) are the Euler
angles defining the transformation and specifying the orientation of the principal-axes
reference frame of the EFG tensor in the lab frame. The quadrupolar Hamiltonian after
the transformation has the form
Hq = e
2qQ
4S(2S − 1)h¯
[
3Sˆz
2 − Sˆ2
] [
(3 cos2 β − 1) + η sin2 β cos 2α
]
(2.8)
which in turn leads us to the quadrupolar splitting in the laboratory frame of reference
∆ωq = 2pi∆ν = ωq
[
(3 cos2 β − 1) + η sin2 β cos 2α
]
(2.9)
Assuming that the EFG tensor is axially symmetric about the CD bond direction (η = 0),
the observed quadrupolar splitting depends only on β
∆ωq =
ωq
2
[
(3 cos2 β − 1)
]
(2.10)
where β defines the angle between the CD bond and the direction of the external magnetic
field H0.
2.2 The order parameter
In deuterium NMR, the order parameter is a direct measurement of the efficiency of
motions modulating and time-averaging the quadrupolar interactions ∆ωq. This time-
averaged (〈〉) arises since the molecular motions modulate the angle β(t). These motions
are fast on the quadrupolar interactions time scale (∆νq ∼ 127kHz, and τc−1 <∼ 10−4s)
and thus, they appear as a motional narrowing of the signal. However, multiple in-
equivalent locations within a molecule are not averaged out, they are instead seen as a
superposition of multiple time-averaged signals.
It is convenient to describe the transformation from the EFG principal axes’ frame
to the lab frame in two steps. First, we transform into the molecular reference frame
associated with the axis of symmetry of the (rapid) reorientational motions ~d. The order
parameter SCD in the molecular reference frame given by
SCD =
1
2
〈
(3 cos2 β′ − 1) + η sin2 β′ cos 2α′
〉
(2.11)
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Figure 2.3: Representation of the order Parameter via Euler angles. A typical
deuterium NMR spectrum (left) for a single C-D bond on an acyl chain of a
phospholipid in the membrane bilayers. The quadrupole splitting (∆νq) can
be used to give information about local order of the lipid chain; the order
parameter, SCD on the right. The reorientations of the C-D bond vector
with respect to the molecular axis ~d are characterized by the time-dependent
angles α′, β′, and γ′. See the text for more details (adapted from [27]).
where α′ and β′ are the Euler angles that describe the transformation from the EFG
frame associated with the C-D bond into the frame associated with the symmetry axis
of the intramolecular motions (Fig. 2.3). When the molecular motions over which the
average is calculated are fully axially-symmetric (η = 0), the latter equation of SCD
reduces to
SCD =
1
2
〈
(3 cos2 β′ − 1)
〉
(2.12)
The second transformation, into the lab frame, is simplified by the fact that the molecular
axis ~d is further rapidly averaged by lateral diffusion onto the membrane normal ~n, while
the fluctuations of the membrane normal with respect to the external magnetic field are
typically much slower than the NMR time scale and do not average out. As seen in
Fig. 2.3, θ and φ are the Euler angles specifying, respectively, the angle between the
normal of the bilayer ~n and the external magnetic field, and the angle of the fluctuation
of the bilayer normal in a cone shape around ~n. Therefore, the observed quadrupolar
splitting becomes
∆ωq = ωq(3 cos
2 θ − 1)SCD (2.13)
The quadrupolar splitting here depends only on θ but not on φ due to the axial symmetry
of the fast motions.
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The value of order parameter S is in the range of 0 ≤ |S| ≤ 1, where S = 1 corre-
sponds to a perfectly oriented system such as crystals while S = 0 denotes fully isotropic
disordered chains (as in liquid NMR). So, in general, the smaller the value of the order
parameter the greater the extent of the fast motions. Therefore, valuable information on
the reorientational dynamics and the alignment of phospholipid molecules in a sample
can be gained from the determination of the distribution of the order parameters.
The deuterium NMR spectra for deuterated lipid chains comprise of an overlap from
all individual carbon positions, thus the distribution of order parameter profile SCD(n)
as a function of n is needed. Here n indicates the carbon position along the fatty acid
chain. SCD(n) decreases as the carbon number n increases, i.e. as the distance from the
glycerol backbone grows, giving rise to a characteristic order parameter profile [8].
De-Paking [28] is a numerical deconvolution technique that can be used to obtain
individual values of ∆ωq.
2.3 The distribution functions
Phospholipid molecules of a bilayer membrane in the liquid crystalline (Lα) phase undergo
a rapid, axially symmetrical reorientational motion about the bilayer normal. Thus, it
is more convenient to separate the effect of the motion on the observed quadrupolar
splitting by writing
ω(x, θ) = x
3 cos2 θ − 1
2
= xP2(cos θ) (2.14)
where x = ωqSCD is the anisotropy parameter and P2(cos θ) describes how this anisotropy
contributes to the observed spectrum, as the angle θ between the axis of symmetry of
the motion and the external magnetic field changes.
In general, the experimentally observed powder spectrum S(ω) is a result of the
contributions of all anisotropy parameters x represented by an anisotropy probability
distribution function g(x), but also from all different orientations of the different powder
domains represented by the orientational probability distribution p(θ). The two descrip-
tions are equivalent:
S(ω) =
∫
g(x)
[
p(θ)
∂θ
∂ω
]
dx (2.15)
=
∫
p(θ)
[
g(x)
∂x
∂ω
]
dθ
More explicitly, g(x)-weighted superposition of lineshape functions, one for each anisotropy
x, whereas the orientational distribution function p(θ) weighs the superposition of spectra
from domains of single symmetry axis of motions. For an oriented sample, the orientation
distribution function becomes p(θ) = δ(θ) while for a random uniform powder distribu-
tion p(θ) ∝ sin θ. If, instead, g(x) is known, p(θ) can be determined. If p(θ) is known, g(x)
can be extracted from the powder spectrum, as is exactly the case of “de-Pake-ing” [29]
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Figure 2.4: Pake doublets and powder spectra: (a) Powder pattern of a single iso-
lated spin-1 system; (b) an experimental powder spectrum of a DMPC-d54.
2.4 The powder spectra and “De-Pake-ing”
The spectrum produced from a powder sample consists of a superposition of many indi-
vidual quadrupolar doublets, called pake doublets or Pake pattern after G.E. Pake [30].
Each one corresponds to a particular orientation θ in the given sample and is made up of
two peaks separated by a distance equal to the quadrupolar splitting δωq. For an isotropic
sample (random orientation), the sharp peaks indicate that the CD bonds are oriented
at 90◦ whereas the shoulders are at 0◦ fig 2.4(a). “De-Pake-ing” is a numerical proce-
dure [31, 32] of extracting both g(x) and sometimes also a limited number of parameters
that characterize p(θ) from the powder spectrum [33]. Many strategies have been em-
ployed to analyze experimental spectra under the conditions of partial magnetic ordering
in a high external magnetic field. The Tikhonov regularization technique is one of the
techniques that can be used to obtain both distribution functions simultaneously [33].
For the case of dePakeing, Eq. 2.16 can be written as
S(ω) =
∫
g(x)C(x, ω)dx (2.16)
where C(x, ω) can be identified as the kernel function
C(x, ω) =
{
p(θ) ∂θ
∂ω
, for− pi
2
< ω ≤ x
0 , otherwise
(2.17)
and where
p(θ)
∂θ
∂ω
= − p[θ(x, ω)]
[2(x− ω)(x+ 2ω)]1/2 . (2.18)
Thus, knowing p(θ) completely determines C(x, ω) which in turn can provide the distri-
bution function g(x). However, one can only obtain an approximate pseudo-inverse g˜(x),
as in general, obtaining true g(x) is a mathematically ill-posed problem. In fact, Eq. 2.16
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Figure 2.5: A schematic of a bilayer domain in an external magnetic field ~H: ~n
is the bilayer normal. Fig. is reproduced from [35]
is a so-called Fredholm integral equation of the first kind and is a well-known example of
an ill-posed problem. The calculation of the pseudo-inverse g˜(x) is also affected by the
presence of experimental noise in S(ω). In this case the discrete set of experimentally
collected data can be described in the following form
Sσj = Sj + σj (2.19)
where Sj is the “exact data”; j = 1....m, while σj is the random noise that affects Sj.
For a random orientational distribution of powder samples, p(θ) ∝ sin θ, but if mag-
netic ordering occurs in the membrane systems this assumption does not hold [34].
2.5 p(θ) of a partially ordered system
Magnetic susceptibility of phospholipid bilayer is anisotropic, and it is given by
∆χ = χ‖ − χ⊥ < 0 . (2.20)
When phospholipid bilayer is placed in a high magnetic field ~H used in NMR spec-
troscopy, a magnetic moment is induced, which in turn interacts with the field ~H resulting
in a torque described by
~τ = ∆χAd ( ~H · ~n) ( ~H × ~n) (2.21)
where A is the area of the bilayer, d is its thickness, and ~n is the bilayer normal. This
torque orients the bilayer preferentially so that ~n ⊥ ~H is favored, see Fig. 2.5 . Thus,
because of the partial magnetic ordering in the biological and model membranes, the
effect of the high magnetic field on the bilayer domain orientations can not be negligible
and it must be taken into account.
To deal with magnetically partially ordered systems, a method which has been es-
tablished by [34] was applied. This method describes the magnetic ordering effect by a
one-parameter function pκ(θ) that describes systematic deviations from the random case
of p(θ) ∝ sin θ. The parameter κ represents the degree of magnetic distortion and its
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exact meaning varies depending on the model function. Several different model func-
tions have been used to minimize the misfit Φ(κ) as illustrated in Fig. 2.6 ,noisy datat
undertaking where the results from the following one-parameter models are compared:
Ellipsoidal model corresponds to a continuous deformation of a spherical liposome,
and the orientational distribution function of this model is given by
pE(θ) ∝ sin θ ×
[
1− (1− κ
E
) cos2 θ
]−2
(2.22)
where κE has the physical meaning of the square of the ratio of the long and short
semi-axes of the ellipsoid or rotation. Different values of κE describe different
possible orientations of the ellipsoid; for example κE > 1 is an ellipsoid with the
long axis parallel to the external magnetic field. When κ = 1, the orientational
distribution reduces to the case of spherical symmetry.
Legendre model represents the most general approach to describing orientational
distributions, restricted in this case to a single term in the expansion in Legendre
polynomials:
pL(θ) ∝ sin θ ×
∞∑
i=1
Ai Pi(cos θ) ≈ (1 + κL cos2 θ) (2.23)
where κL = 1 corresponds to the random (spherical) orientation distribution.
Boltzmann model describes a completely uncorrelated orientation of adjacent do-
mains within a membrane, where the probability of finding a domain of a cer-
tain orientation is given by the Boltzmann factor associated with the (orientation-
dependent) energy of interaction between this domain and the magnetic field:
pB(θ) ∝ sin θ × exp
[
κ
B
cos2 θ
]
(2.24)
Here, κB = 0 corresponds to the random (spherical) orientation distribution, while
|κB|  1 corresponds to a high degree of magnetic alignment.
As Fig. 2.6 illustrates, all models can successfully characterize a mild degree of magnetic
alignment typical of model membrane systems. While it is essential to take this into
account for a precise determination of g(x), the exact nature of the model used to optimize
p(θ) is not important. For consistency, only the results of dePakeing using the ellipsoidal
model are reported in this work.
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Figure 2.6: (Top) The misfit Φ(κ) as a function of κ. (Bottom) The three models of p(θ)
as functions of the three minima of κ determined in the top plot. Fig. is
reproduced from [34]
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Materials and Methods
3.1 Sample Preparation
Model membranes in this study consisted of pure 1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine
(DMPC) and its analog per-deuterated (d54-DMPC) lipids with various concentrations
of 1,1-hexamethylene-bis[5-(4-chlorophenyl)biguanide] (Chlorhexidine, or CHX). Molar
ratios of 10:1, 6:1, and 3:1 were prepared for d54-DMPC:CHX and DMPC:CHX-d8. A
pure d54-DMPC sample was used as a reference. The samples had been prepared by
previous co-workers and the collected data was re-analyzed in this study to account for
the discrepancies and inconsistencies in data processing discovered since.
DMPC was purchased from Avanti Polar Lipids (Alabastar, AL, USA) and used
without further purification. Chlorhexidine digluconate solution and Chlorhexidine dihy-
drochloride were purchased from Sigma-Aldrich (St.Louis, MO, USA) and have also been
used without further purification. A synthesis of deuterated chlorhexidine hydrochloride
has been reported previously [36]. Deuterium-depleted water was purchased from Cam-
bridge Isotope Laboratories (Andover, MA, USA), while HEPES buffer was purchased
from Sigma-Aldrich (St. Louis, Mo, USA).
All samples were prepared following the same standard protocol. Powder DMPC
(or d54-DMPC) was dried for several hours under reduced pressure prior to use. Every
sample typically consisted of about 35 mg of dry lipid to which a desired amount of a
20% stock solution of (protonated or deuterated, as required) chlorhexidine hydrochlo-
ride in deuterium-depleted water was added by volume (micro-syringe), to achieve the
desired molar ratio of lipid:CHX. To maintain a consistent water-to-lipid ratio of 30:70,
deuterium-depleted water was then added to the sample by a micro-syringe. Through-
out, the total mass was monitored with an analytical balance. All samples were prepared
in snap-closure polyethylene containers and were prepared and sealed under nitrogen
atmosphere ([O2] < 2%).
Several cycles of freezing in a liquid nitrogen bath followed by thawing in a warm
(65◦C) water bath were performed to ensure adequate mixing; all achieved uniform semi-
translucent appearance. After that, the samples were left to equilibrate at (4◦C) at least
overnight (8-10hrs) and up to several days before NMR spectra were collected.
3.2 NMR spectroscopy
NMR spectra were collected using a broad-band solid-state spectrometer described pre-
viously [37], in a 7.0-T superconducting magnet (Oxford Instruments) using a home-built
inductively-coupled probe. 2H NMR experiments were performed at a Larmor frequency
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of 46.06 MHz.
The temperature of the sample was controlled by an airflow temperature controller
and maintained for each experiment within ±0.2◦C. After each change in temperature,
the sample was equilibrated for 20 minutes and the coil tuning monitored and adjusted
as necessary. The absolute error of the reported temperature was ±0.5◦C. The repeat
time between was set at 600 ms for the spectra acquisitions. The dwell time was set at
2µs between successive data points acquired by the digitizer, and 200-kHz Butterworth
low-pass analog filters were used on the analog signals prior to digitization.
3.3 Spectral moments
The method of moments was applied to the NMR spectra to monitor the average order
changes as a function of temperature for each sample. The quantitative analysis of the
spectral moments Mn was based on calculating the second moment M2 using the following
Mn(ω) =
1
M0
ω0+ωM∫
ω0−ωM
(ω − ω0)nS(ω) dω (3.1)
Here, M0 =
∫
S(ω)d(ω) is the area under the spectrum S(ω), centered at the Larmor
frequency ω0, S(ω) is the intensity of the
2H-NMR spectrum, and Mn is its nth mo-
ment. The limits (±ωM) of the integral are chosen to be large enough to include all
of the spectral intensity, as indicated by the levelling off of the calculated moments as
a function of ωM . All odd moments should vanish for a symmetric spectrum. Thus,
the second moment is an appropriate measure of the average spectral width. Also, the
thermodynamic changes occurring in the sample can be detected by the calculation of
the second moment as a function of temperature.
3.4 Thin-layer chromatography (TLC)
Samples that were expected to be used in experiments in the research were tested for
purity prior to use by the TLC technique. TLC is a common chromatography technique
used widely to separate mixtures, determine their purity and identify their constituent
compounds. This method is based on the use of a sheet of glass, plastic, or aluminum
foil, which is coated with a thin layer of adsorbent material, usually silica gel, aluminum
oxide, or cellulose (blotter paper) which represent the solid phase. The mobile phase
is represented by a solvent such as acetone, methanol, distilled water and it is chosen
according to the properties of the components in the substance. When a small amount
of a compound or mixture is applied to the plate, a solvent or solvent mixture is drawn
up the plate via capillary action. Different analytes ascend the TLC plate at different
rates, so separation of the components is achieved [38].
Pre-coated silica gel plates with a layer thickness of 250 µm (Partisil K6, 5×20 cm, 60-
A˚ average pore size) was obtained from Whatman (Sigma Aldrich). The solvent mixture
used was chloroform:methanol:distilled water in 130:50:8 ratio. Iodine crystals were used
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for staining purposes. Ascending chromatography was performed in a conventional TLC
chamber.
Each TLC plate was prepared by marking a horizontal line across the TLC plate
approximately 1.5cm from its bottom. A small mount of each membrane sample was
placed on the line using a micropipette and allowed to dry. If necessary, repeated drop
applications were used, drying completely between applications. Details of the steps and
procedures can be found in [39]. After the plates were placed in the TLC chamber with
solvent level well below the marked line and the chamber sealed, the solution rose up
the plate for 15 to 45 minutes, and the position of the developed solvents was marked
directly after the plate was removed from the developing chamber.
Two ways were used to visualize the compounds: by shining ultraviolet light on the
plate, or by allowing the plate to stand for a few minutes in a closed container in which
the atmosphere is saturated with iodine vapour. Digital scanning of the exposed plates
proved more reliable than marking out the plate with pencil and measuring the distances
with a ruler. An example of a developed TLC plate is shown in Fig. 3.1.
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Figure 3.1: TLC of a DMPC sample: (1) is a powder sample of DMPC dissolved in
150µm chloroform for a concentration of 40 mg/ml, and (2) is a post-NMR
sample of DMPC+water. Absence of intermediate spots indicates that the
sample maintained its integrity throughout the NMR experiments.
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4.1 Pure DMPC model membranes
2H NMR spectra of the pure d54-DMPC:water sample are shown in Fig. 4.1. They are in
good qualitative agreement with those reported in the literature [26]. In our work careful
attention to the thermal history of the sample was paid, since the earlier attempts at
analysis produced inconsistent results. Here, after the sample is prepared and equilibrated
at 4◦C, the NMR data is collected in a series of monotonically increasing temperatures.
After reaching the highest temperature of 65◦, the temperature is stepped back down
and NMR spectra are collected at the same temperature values. We refer to these data
sets as “first heating” and “first cooling” cycles. A data set that is consistent for the
same temperature values in both heating and cooling sides of the data set can be thought
to be reliably reproducible. This impression is further confirmed by plotting the second
moments of the spectra through the heating and cooling process, as shown in Fig. 4.2
A small thermal hysteresis is observed, but it is well within the known ±0.5◦C precision
of maintaining the temperature of the sample in the probe for all temperatures above
Tm = 20
◦C. There is a slight discrepancy in the gel phase, but this is not surprising as
the lateral diffusion, which acts as the strong macroscopic equilibration mechanism, is
significantly slower in the gel phase.
The dePaked spectra of Fig. 4.1 were extracted by the regularization dePaking algo-
rithm for the ellipsoidal orientational model at the minimum of misfit function Φ(κ) [34],
and are shown in Fig. 4.3. The two central peaks of the spectra of Fig. 4.1 and Fig. 4.3
represent the CH3 group of the DMPC chains while the rest of the individual peaks cor-
responds to the CH2 groups. As discussed earlier, each of these peaks represents the time
average over the rapid molecular motions of each CH2 and CH3 groups of the bilayer.
The spectra demonstrate a characteristic narrowing with increasing temperature.
This is an indication of the increasingly faster motions of lipid molecules at higher tem-
peratures. Transition from the gel crystalline phase to liquid crystalline phase occurs at
20◦ in both heating and cooling processes (dePaked spectra not shown) of the sample as
presented in Fig. 4.3. In the liquid crystalline phase, the DMPC chains are very flexible,
which means that various molecular motions are more effective in reducing the spectral
widths via motional averaging. Otherwise the nature of the spectral distributions re-
main the same, with a “plateau” region represented by several carbon positions near the
headgroup which are very similar in the extent of their motional narrowing, followed by a
rapid increase in the amount of motions available further down the chain. A large number
of apparent peaks is likely a byproduct of a slight inequivalence of the two deuterated
chains.
The reported values of κE correspond to a mildly elongated ellipsoidal shapes, with a
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Figure 4.1: Powder spectra of d54-DMPC sample at various temperatures
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.
Figure 4.2: Temperature dependence of the second moments of the d54-DMPC spectra
from Fig. 4.1 through a heating then cooling run of the sample. The black line
represents the “first heating” while the red line represents the “first cooling”
cycle started from the last heating temperature 65◦C. The error bars shown
represent the standard deviations of the average M2 values calculated by sys-
tematically varying the integration ranges in Eq. 3.1, well outside the spectral
region (between ±85 kHz and ±100 kHz) for each spectrum in Fig. 4.1.
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Figure 4.3: Normalized dePaked spectra of d54-DMPC sample obtained at various heating
temperatures. All the dePaked spectra were calculated using the ellipsoidal
model at its minimum κE, as shown on the left.
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long axis along the direction of the magnetic field, indicating the preferential alignment of
the bilayers with their normal perpendicular to the magnetic field. The observed minima
of the misfit functions were quite shallow in all cases above 20◦C, and were quite sensitive
to the noise in the spectra, so further quantitative conclusions cannot be made.
Assuming a monotonic decrease in the order parameter with the carbon position
along the chain, a principle established by Seelig and Seelig [40], we can extract the
order parameter profile by integrating the spectral intensity and dividing it in 2-2-2...-
2-3 ratios as appropriate for a saturated carbon chain (CH2)12–CH3 of the DMPC, even
when the individual peak positions cannot be assigned. This is the so-called “average
order parameter” approximation [8]. This is shown in Fig. 4.4. The order parameter
profiles at lower temperatures exhibit the characteristic plateau shape for the carbon 2-8
positions, while at higher temperatures the order profiles exhibit a slightly more rapid
decrease of the motional order towards the end of the chains.
4.2 10:1 and 3:1 DMPC:CHX samples, thermal
hysteresis
When chlorhexidine is added to the DMPC membrane, the situation changes signifi-
cantly. Figure 4.5 demonstrates significant differences between the spectra taken at the
same temperatures within the heating and cooling cycles. This is made apparent by the
temperature dependence of the second moment, shown in Fig. 4.6. There is a strong
suggestion that the first time the sample temperature is raised above Tm after a long
equilibration at low temperature, a sample undergoes an irreversible change.
Unfortunately, this was detected too late and the second heating/cooling cycles were
not performed before the sample deteriorated.
The corresponding results for the 3:1 d54-DMPC:CHX sample are presented in Figs. 4.7
and 4.8, through two heating/cooling cycles: equilibrate at 4◦C; 12◦C heating to 70◦C,
then cooling to 35◦; equilibrate at 4◦C overnight; 12◦C heating to 60◦C, then cooling to
15◦C. As seen in the spectra of Figs. 4.7–4.8 (not all temperatures are shown for clarity)
the spectra of the first cooling and second heating and cooling cycles are quite similar,
with the first heating cycle being the only one significantly different from the other ones.
Fig. 4.9 confirms that through the temperature dependence of the second moments
of the spectra for the four of the heating/cooling cycles. Because of the instrumental
difficulties, the scatter of points is more pronounced, but the first heating cycle is clearly
different from the other three which exhibit consistent second moment values in the
35◦C–60◦C range.
The anomalous zigzag behaviour at lower temperatures is probably an indication on
non-equilibrium conditions in the sample. Again, this was only detected in subsequent
analysis, and a longer equilibration time at each temperature was not attempted.
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Figure 4.4: Order parameter profiles obtained from the dePaked spectra of the heating
cycle of the d54-DMPC sample. n = 13 carbon position corresponds to the
CH3 group of each spectrum. The rest of carbon positions represent the rest
of CH2 groups of the lipid molecules. The individual CH2 splittings were not
assigned; instead the average order parameters were calculated by dividing
the integral intensity into 12 equal fractions.
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Figure 4.5: Spectra of 10:1 d54-DMPC:CHX sample, “first heating” followed by the “first
cooling” cycles. The spectra of the first cycle differ from the spectra of the
second cycle from 20◦ to 50◦
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Figure 4.6: Temperature dependence of the second moments of the spectra of 10:1 d54-
DMPC:CHX sample through first heating (black line) then first cooling (red
line) cycles. The error bars shown here were calculated in the same way
discussed in the previous M2 plot
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Figure 4.7: The spectra of 3:1 d54-DMPC:CHX sample of the first heating/cooling cycle.
The spectra of the first heating run are quite different than the ones of the
first cooling specifically at temperatures 35◦–55◦C.
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Figure 4.8: The spectra of 3:1 d54-DMPC:CHX sample of the second heating/cooling
cycle. Starting from 35◦C, the spectra are highly similar to each other and
to the ones in the first cooling cycle (see Fig. 4.7)
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Figure 4.9: The second moments of the 3:1 d54-DMPC:CHX spectra as a function of
temperatures through two heating/cooling cycles. The two dotted lines with
red diamonds represent the first and second heating cycles while the two
dotted lines with green diamonds represent the cooling cycles. The black
diamonds indicate to the temperatures at which a new cycle starts. For
example, the first heating cycle starts at 12◦C with a red diamond to extend
all the way to the black diamond at 70◦C where the first cooling cycle begins
and follows along with the green diamonds to reach 35◦C. The error bars
shown here were calculated in the same way discussed in the first M2 plot
4.3. 10:1 and 3:1 DMPC:CHX samples, order parameters 35
4.3 10:1 and 3:1 DMPC:CHX samples, order
parameters
In view of the results of the previous section, only the spectra obtained after the first
heating cycle and a subsequent cooling were used for further analysis, for both 10:1 and
3:1 d54-DMPC:CHX samples. The results of dePakeing are shown in Figs. 4.10 and 4.11.
Both the spectral shapes and the minimal value of κE required to achieve convergence
have a clearly anomalous value in the 25◦C–35◦C range. This clearly requires a more
careful investigation at both CHX concentrations.
The corresponding average order parameter profiles are shown in Figs. 4.12 and 4.13.
Compared to the pure DMPC case, the average order parameters decrease almost linearly
with the carbon number, in a manner similar to that observed in the hexagonal HII phase
spectra [8]. This is true at both CHX concentrations. In addition, the temperature
dependence may be indicative of a narrow re-entrant region in the 25◦C–35◦C range
with a dramatic jump in the shape and the scale of the order parameter profile. In
general, order parameters tend to show only very small and subtle changes and the
observed temperature-dependent anomaly is quite startling. If confirmed in a repeated
experiment, it may indicate a structural phase transition in this range of temperatures.
Other features of both order parameter profiles are quite typical of model membranes:
the overall scaling trend with temperature, and the clearly different scaling for the ter-
minal methyl group.
4.4 10:1 DMPC:CHX-d8 sample
A counterpart to the 10:1 d54-DMPC:CHX sample, the 10:1 DMPC:CHX-d8 sample al-
lows a comparison of the order parameters of the deuterated CH2 groups on the hexam-
ethylene bridge of CHX. There are only two inequivalent positions on the chain, and so
the 2H NMR spectra are much simpler, with only two non-overlapping doublets. The
signal-to-noise is greatly reduced but an unambiguous assignment can still be made.
Fig. 4.14 shows the spectra of the 10:1 DMPC:CHX-d8 sample. There is no evidence of
thermal hysteresis, but for consistency, the cooling-cycle spectra were used in subsequent
analysis. Because of the simplicity of the spectral structure, the dePaked spectra at each
temperature were simply fitted to two Gaussian doublets. Representative examples at
25◦C and 35◦C are shown in Figs. 4.15 and 4.16, where the corresponding quadrupolar
splittings are obtained as the values of best fit to two Gaussian doublets. These results
are summarized in Table 4.1. There is no noticeable temperature dependence to the
quadrupolar splittings.
Although no direct comparison is possible of the order parameters between the two
molecular environments that are so vastly different, it is instructive to summarize the
results in a single figure, for those temperatures where both sets of data exist (deuterated
lipids, protonated CHX, and protonated lipids, deuterated CHX, at 10:1 molar ratio).
This is done in Fig. 4.17. The apparent lack of temperature dependence is in stark
contrast to the significant changes in the order parameter profiles of the lipids. This is
consistent with the CHX methylene bridge being located in a highly mobile (despite the
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Figure 4.10: The dePaked spectra of the d54-DMPC:CHX sample at 10:1 concentration
obtained from the spectra of the cooling cycle. All the dePaked spectra
have been performed using the ellipsoidal model at their lowest minima κE
shown on the left.
Table 4.1: Quadrupolar splittings obtained from the dePaked spectra of the 10:1
DMPC:CHX-d8 sample
Temperature, ◦C ∆ω(1)q ∆ω
(2)
q
55 1.41± 0.01 0.92± 0.01
45 1.48± 0.01 0.91± 0.01
35 1.48± 0.01 0.91± 0.01
25 1.47± 0.01 0.90± 0.01
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Figure 4.11: The dePaked spectra of 3:1 d54-DMPC:CHX sample at various tempera-
tures. The minimum of each spectrum illustrated by κE is on the left side
of each spectrum.
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Figure 4.12: Order parameter profiles of the 10:1 d54-DMPC:CHX sample as extracted
from the dePaked spectra of Fig. 4.10
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Figure 4.13: Order parameter profiles of 3:1 d54-DMPC:CHX sample, as extracted from
the dePaked spectra of Fig. 4.11
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Figure 4.14: 10:1 DMPC:CHX-d8 spectra
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Figure 4.15: The dePaked spectrum of the 10:1 DMPC:CHX-d8 sample at 35
◦C with the
refined first and second quadrupolar splittings (two Gaussian doublets). The
line of best fit is shown in red. The results of the fit are: ∆ω(1)q = 0.91±0.01
and the second is ∆ω(2)q = 1.48± 0.01
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Figure 4.16: The dePaked spectrum of the 10:1 DMPC:CHX-d8 sample at 25
◦C with the
refined first and second quadrupolar splittings (two Gaussian doublets). The
line of best fit is shown in red. The results of the fit are: ∆ω(1)q = 0.90±0.01
and the second is ∆ω(2)q = 1.47± 0.01
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Figure 4.17: Order parameter profiles of the 10:1 d54-DMPC:CHX sample at select tem-
peratures compared to those of the 10:1 DMPC:CHX-d8 sample at the same
temperatures. The temperatures are taken starting from the last heating
temperature 55◦C to the following cooling temperatures 45◦C, 35◦C, then
25◦C. The dotted lines represent the values of ∆ω(1)q and the dashed lines
represent ∆ω(2)q . The values, and the horizontal lines are indistinguishable
for all temperatures.
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two aromatic “anchors” at both ends) environment that is not greatly affected by the
thermal changes taking place in the bulk of the lipid bilayer. This is suggestive of the
CHX molecules experiencing an environment other than the bulk lipids, in agreement
with the neutron scattering data of Komljenovic et al.
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The extensive data re-analysis to address the issues of thermal hysteresis and potentially
significant numerical errors prevented the completion of the additional measurements of
the small amounts remaining of deuterated CHX, a unique compound not available com-
mercially. Nevertheless, a thorough investigation of all of the previously acquired data
was performed, including the examination and verification of previously used experimen-
tal protocols, and a careful re-processing of all spectra previously acquired.
Based on the result of the newly re-analyzed data, it is evident that the 2H NMR data
is consistent with the neutron scattering data obtained previously for the same system.
The comparison of temperature dependence of the order parameters of CH2 groups on
the fatty acid chains of the lipids (strong, and consistent with pure lipid data) and on
chlorhexidine (no observable temperature dependence) indicates that the CHX molecule
is not undergoing the same kind of motions as the bulk lipids in the membrane. This is
again consistent with the neutron scattering and the molecular modeling data.
A potentially anomalous phase behavior was detected in the same range of tempera-
tures for both concentrations of CHX in DMPC. It is tempting to attribute it to a new,
re-entrant phase, but the quality of the data does not allow to draw such an unambiguous
conclusion. More work needs to be done, in smaller temperature increments, using longer
equilibration times at each temperature, and at additional concentrations of DMPC:CHX
mixtures.
A potential weak point was identified in the protocol of sample preparation. It ap-
pears that the equilibration at an elevated temperature for more than a brief heating-up
associated with freeze-thaw cycles used in sample mixing may be required for these sam-
ples.
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Table 6.1 shows the summary of the origin of the data used in this work; the time-domain
signals acquired by previous students were re-processed and re-analyzed from scratch.
Table 6.1: Data of the samples; 1:0 d54-DMPC:CHX, 10:1 d54-DMPC:CHX, 10:1
DMPC:CHX-d8, 3:1 d54-DMPC:CHX has been collected by previous students
using 2H NMR spectroscopy at Brock University
Samples Temperatures, C◦ Dates References
1:0 d54-DMPC 15...65...15 Sep 28–30, 2010 [1]
10:1 d54-DMPC:CHX 20...65...20 Nov 5–7, 2010 [1]
10:1 DMPC:CHX-d8 25...55...25 Nov 15, 2010 [1]
3:1 d54-DMPC:CHX 12...70...12 Sep 28 – Oct 14, 2006 [23]
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